Unliganded thyroid hormone receptors (apoTRs) repress transcription of hormone-activated genes by recruiting corepressors to the promoters. In contrast, on promoters containing so-called negative thyroid hormone response elements (nTREs), apoTRs activate transcription. A number of different molecular mechanisms have been described as to how apoTRs activate transcription varying with the target gene of the study. Here we demonstrate that thyroid hormone regulates the transcription of the Necdin gene, a developmentally regulated candidate gene for the genomic imprinting-associated neurobehavioural disorder, Prader-Willi syndrome. ApoTRs activate Necdin expression through an nTRE in its promoter, downstream of the transcription start site. The nTRE of the Necdin gene resembles the nTREs of the TSH genes of the hypothalamus-pituitary-thyroid axis in the sequence, position in the promoter, and mode of activation. We show that this group of nTRE-driven genes shares the requirements for binding of the retinoic X receptor and nuclear receptor corepressor/silencing mediator of retinoid and thyroid hormone receptors (NCoR/SMRT) for full ligand-independent activation, whereas there is no need for association of the p160 family of coactivators. In accordance with the requirement for corepressors, Necdin expression is influenced by deacetylase activity, suggesting that histone deacetylases and corepressors as well could function as activators of transcription, depending on the promoter context.
Introduction
Thyroid hormone (3,5,3-tri-iodothyronine; T3) is an essential regulator of brain development. Supporting this notion, congenital hypothyroidism results in severe and irreversible mental retardation. Thyroid hormones in the brain are strictly regulated both temporally and spatially (Quignodon et al. 2004) , leading to the control of specific and critical aspects of cerebellar development. The restricted pattern of T3 in the developing fetus is controlled by the interplay of the deiodinases (reviewed by Bianco et al. 2002) , which convert T3 to inactive isoforms of the hormone and vice versa. In line with the controlled and heterogeneous spatio-temporal pattern of T3 signalling in the brain, T3 has been suggested to be an instructive factor for specific steps of cell differentiation, such as differentiation of oligodendrocyte precursor cells and differentiation of Purkinje cells (reviewed by Rogister et al. 1999) . It has also recently been shown that T3 promotes neuronal differentiation of embryonic stem cells in culture (Liu et al. 2002) . T3 also controls other events in the developing brain such as migration of postmitotic granule cells (reviewd by Zoeller & Rovet 2004) .
Many of the effects of T3 on developmental processes in the brain can be correlated with the controlled expression of specific proteins. A well-studied example is the T3-induced activation of myelin basic protein, proteolipid protein, and myelin-associated glycoprotein expression during oligodendrocyte differentiation (reviewed by Rogister et al. 1999) . Recently reported is the regulation of retinoic acid receptor-related orphan receptor (ROR) alpha by T3 in the brain, supported by the notion that the severe cerebral abnormalities resulting from T3 deficiency resembles the phenotype of mice with disruption of the ROR alpha gene (Vasudevan et al. 2005) . The use of micro arrays has greatly increased the number of candidate target genes for thyroid hormone during brain differentiation (Poguet et al. 2003 , Miller et al. 2004 . However, the biological functions of many of these genes, as well as the question as to whether they are direct thyroid hormone target genes, remain to be investigated.
The thyroid hormone receptors (TRs) are members of the large nuclear receptor family of transcription factors. As with other members of this superfamily, TR contains an N-terminal domain (A/B), an activation function (AF)-1 domain, a DNA-binding domain (DBD) and a ligand-binding domain (LBD), which undergoes a conformational change upon hormone binding. The TRs can bind to thyroid hormone response elements (TREs) either as a homodimer or as a heterodimer with retinoid X receptor (RXR). The association of these complexes with DNA activates or represses transcription in a ligand-dependent manner. The TR complex interacts with co-factors, which mediate the T3 signalling to the basal transcriptional machinery. Depending on whether the gene promoter contains positively or negatively regulated T3 response elements, T3 either increases or decreases the expression of the target gene. On positive T3 response elements (pTREs), the unliganded TR (apoTR) suppresses basal gene transcriptional activity by interacting with corepressors such as nuclear receptor corepressor (NCoR) and silencing mediator of retinoid and thyroid hormone receptors (SMRT) (reviewed by Eckey et al. 2003) . The corepressors are associated with histone deacetylases (HDACs), which modify the chromatin into a compact and transcriptionally silent structure. The binding of the hormone to the receptor (holoTR) leads to conformational changes of the TR, which releases the corepressor complex and recruits the coactivators such as steroid receptor coactivator 1 (SRC-1 or NCoA-1), SRC-2 (GRIP1, TIF2, or NCoA-2), TRAP 220 and CBP/p300 (reviewed by Moore & Guy 2005) . The coactivators possess or recruit proteins with histone acetyltransferase activity, which remodels the chromatin to an open structure allowing for transcription.
The mechanism for regulation of transcription of negative T3 response elements (nTREs) is not well defined. A number of genes has been reported to be activated by apoTRs and these genes are repressed in the presence of ligand. Other genes, such as the thyrotrophin beta (TSH ) gene, require other transcription factors for activation, but are still repressed by liganded TRs (Nakano et al. 2004) . Conflicting results have been published on the requirement of DNA binding of TR to nTREs and on the roles of different cofactors for regulation of genes driven by nTREs, suggesting that there may exist several mechanisms operating on genes negatively regulated by TRs by different mechanisms. One mechanism as to how T3 represses transcription is that TRs pose inhibitory effects on other transcription factors at certain promoters. The T3-mediated inhibition of the activity of GHF-1/Pit-1, CREB and AP-1 are examples that may not require direct binding of TR to the DNA (Lopez et al. 1993 , Sanchez-Pacheco et al. 1995 , Mendez-Pertuz et al. 2003 , Furumoto et al. 2005 . Other genes, such as the thyrotrophin releasing hormone (TRH) and TSH genes of the hypothalamus-pituitary-thyroid axis, require direct binding of TR to the promoter for their regulation (Satoh et al. 1999 , Shibusawa et al. 2003 . Furthermore, it has been suggested that ligand-dependent recruitment of HDAC2 contributes to the negative regulation of the TSH promoter (Sasaki et al. 1999) . Examples of other genes that require direct binding by TR for its negative regulation are the E2F-1, CD44, prohormone convertase 1 and 2 (PC1 and 2), sodium-potassium adenosine triphosphate alpha 3 and the type 1 deiodinase genes, the latter in a tissue-specific manner (Chin et al. 1998 , Nygård et al. 2003 , Kim et al. 2004 , Shen et al. 2004 . A third mechanism involves an overlap of the nTRE with SP-1 sites, such that TR in the presence of ligand binds to DNA, which precludes SP-1 from binding (Villa et al. 2004) . By a similar mechanism, a number of promoters have been reported to contain composite sites for TR and 11-zinc-finger CCTC-binding factor (CTCF), in which mutations in the CTCF response element abolishes the negative regulation by TR (Awad et al. 1999) . Finally, it has been shown that binding of TR to an nTRE in the growth hormone (GH) promoter is associated with histone H3 acetylation. In this case, T3 causes release of the receptor from the promoter as well as disappearance of acetylated histones at the gene (Sanchez-Pacheco & Aranda 2003).
Whether or not NCoR and SMRT are involved in the regulation of transcription from genes driven by nTREs has been discussed in a number of articles (Horlein et al. 1995 , Hollenberg et al. 1996 , Satoh et al. 1999 , Tagami et al. 1999 , Nakano et al. 2004 , Kim et al. 2005 . Berghagen et al. (2002) report that SMRT functions as a coactivator for T3-independent activation of nTREs and that a TR mutant that is unable to bind to SMRT and NCoR is deficient in T3-independent activation. Accordingly, it was recently reported that a natural splice variant of NCoR, but not the full length NCoR, functions as a coactivator of apoTRs in yeast (Meng et al. 2005) . On the other hand, over-expression of NCoR and SMRT did not affect T3-independent activation of TRH expression in the paraventricular nucleus in mice brains (Becker et al. 2001) . Other factors that either enhance or are completely required for negative regulation are RXRs (Chin et al. 1998 , Laflamme et al. 2002 .
Necdin is a 325-amino acid residue protein that originally was cloned from differentiated P19 embryonal carcinoma cells (Maruyama et al. 1991) . Necdin is homologous to the large family of melanoma antigen proteins, normally expressed in stem cells and testis, but also frequently expressed in tumours (reviewed by Ohman Forslund & Nordqvist 2001) . Studies in vitro have suggested that Necdin may be a neuron-specific growth suppressor that facilitates cell cycle exit and neuronal differentiation and inhibits apoptosis (reviewed by Yoshikawa 2000) . The Necdin gene is expressed predominantly in postmitotic neurons in the central nervous system and its expression is regulated during embryonic development. Necdin begins to be expressed at embryonic day (E) 10, around the time that the first diencephalic neurons become post-mitotic. From E10 to E12, in both central and peripheral nervous systems, Necdin expression correlates with the initial formation of all post-mitotic neurons. After E13, Necdin expression remains high in both embryonic and adult thalamus, hypothalamus and pons, but diminishes in other post-mitotic structures such as the neocortex (Andrieu et al. 2003) . Necdin knockout mice show a phenotype resembling the Prader-Willi syndrome, a genomic imprinting-associated neurobehavioural disorder, suggesting that the absence of Necdin impairs neuronal differentiation or maturation (Gerard et al. 1999 , Muscatelli et al. 2000 , Andrieu et al. 2003 . Recently, it was shown that Necdin is also expressed in non-neuronal cells such as skeletal myocytes, chondrocytes, adipocytes, and skin fibroblasts (Taniguchi et al. 2000 , Boeuf et al. 2001 , Hu et al. 2003 ).
Here we demonstrate that thyroid hormone regulates the transcription of the Necdin gene. A putative nTRE was identified in the Necdin gene, downstream of the transcriptional start site, which, together with the full Necdin promoter, was cloned to drive the expression of reporter genes. In transient transfections, the Necdin reporter and the Necdin nTRE reporter were activated by apoTRs. The nTRE of Necdin alone was sufficient for thyroid hormone regulation of the reporter gene, indicating it to be essential for T3-dependent regulation. DNA binding of TR was required for regulation of Necdin, and TR was found to bind to the nTRE together with RXR both in in vivo and in vitro experiments. Activation of the Necdin gene in the absence of T3 required RXR and was stimulated by corepressors such as NCoR, but not by coactivators from the p160 family. Activation of Necdin expression also required functional deacetylase activity, suggesting that HDACs may play a role in activation of transcription on certain promoters.
Materials and methods

Plasmid constructs
The chicken TR 0 gene was cloned into the pSG5 expression vector (Sjoberg & Vennstrom 1995) . The pTRE reporter plasmid is the pTLUC109F2Tx2, containing two everted TR response elements (Andersson & Vennstrom 2000) . pSG5-mRXR has been described previously (Sjoberg & Vennstrom 1995) . The Necdin promoter reporter (Necdin) construct was cloned by insertion of a 192 bp PCR amplified and gel purified fragment of the Necdin promoter, ranging from -87 to +110, into the KpnI and HindIII sites of the pGL2-Basic vector (Promega Corp., Madison, WI, USA). The primers used for PCR amplification were: forward primer 5 -GC GGT ACC CTG CAG TCT TCT GGC TTC CCA ACA CGC ATG C and reverse primer 5 -GC AAG CTT CAG GTC CTT ACT TTG TTC CGA CGT GTC T.
The long Necdin promoter reporter construct (Necdin-long) was cloned by insertion of a 932 bp PCR amplified fragment of the Necdin promoter, ranging from -823 to +110, into the XhoI and HindIII sites of the pGL2-Basic vector using forward primer 5 -GC CTC GAG CTG CAG GTG ACC TAA TAG AAA TGG AGA G and reverse primer 5 -GC AAG CTT CAG GTC CTT ACT TTG TTC CGA CGT GTC T. A mutant Necdin long luciferase construct (Necdin long mut) was cloned exactly as the Necdin-long construct except using the reverse primer: 5 -GC AAG CTT CAG GTC CTT CAG TTG TTC CGA CGT GTC T. The reverse primer introduces three point mutations (shown in bold) in the construct (amino acid change S5 L).
The Z-Necdin minimal reporter plasmid (Z-Necdinluciferase) was cloned by insertion of a DNA oligomer into the KpnI and XhoI sites of the pGL2-promoter vector (Promega Corp.). The sequence of the inserted oligomer was: 5 -C CTG CAG ACA TGT CGG AAC AAA GTA AGG C and 3 -ACT GGG ACG TCT GTA CAG CCT TGT TTC ATT CCG AGC T.
Cell culture and transfections
JEG-3 or CV-1 cells were plated in a 24-well plate in DMEM (Biochrom, Berlin, Germany) supplemented with 10% fetal calf serum (FCS). One day later, the medium was replaced with DMEM supplemented with 10% FCS depleted of T3 and thyroxine by ion exchange resin (Samuels et al. 1979) . Approximately 1 h later, the cells were cotransfected by the calcium phosphate method with expression vectors encoding 100 ng TR, 5-20 ng RXR and 200 ng of reporter constructs. The cells were maintained in the presence or absence of 1 µM T3 (Sigma, St Louis, MO, USA) and trichostatin A (TSA, Sigma Aldrich) in concentrations from 10 nM to 100 nM when indicated, harvested 24 h after hormone treatment and assayed for luciferase activity. All transfections were performed at least three times, employing duplicate sample points in each experiment.
Protein extraction and Western blot
P19 cells were lysed in lysis buffer (Tropix) supplemented by 50 µM dithiothreitol and proteinase inhibitors (Complete Mini, Roche). Lysates were cleared by centrifugation for 15 min at 14 000 g. Protein extracts (50-100 µg) were separated by 10% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose transfer membranes. For western blots, antibodies against Necdin (AB 18554, Abcam, Cambridge, UK), actin (SC-8452, Santa Cruz Biotechnology, Santa Cruz, CA, USA), TR (MA1-215, ABR, Colorado, USA) or TR (PA1-211A, ABR) were used diluted 1:1000.
Proteins were visualized using enhanced chemiluminescence (ECL Western Blot Detection Reagents, Pharmacia Biosciences) according to the manufacturer's instructions.
Gel retardation assays
Binding studies of receptor/DNA complexes were carried out essentially as previously described (Nygård et al. 2003) . Appropriate receptor-encoding cDNAs were cloned into the pATA-18gpt, used for recombination into the Vaccinia genome following infection into HeLa cells, and the nuclear extract was prepared as previously described (Nygård et al. 2003) . One to three micrograms of these nuclear extracts were incubated for 15 min on ice with approximately 4 ng 32 P-labelled oligonucleotides in band shift buffer (4% Ficoll, 80 mM KCl, 10 mM HEPES at pH 7·9, 5 mM MgCl 2 and 100 µg/ml poly dIdC) in the presence or absence of 1 µM T3. Complexes were separated on a running 6% nondenaturating polyacrylamide gel. The oligonucleotide probes were annealed, and labelled using the Klenow fragment of Escherischia coli polymerase I (New England Biolabs, Ipswich, Massachusetts, USA). The sequences of the probes were: DR4 probe 5 -AGCTTCAGGTC ACTTCAGGTCA, Necdin-Z probe 5 -GGGACATGT CGGAACAAAGTAAGG.
The antibodies used for supershifts were anti-TR (MA1-215, ABR) and anti-oestrogen receptor (ER , SC-786, Santa Cruz Biotechnology).
RNA extraction, cDNA synthesis and quantitative RT-PCR
P19 cells were grown in 10% T3-depleted FCS and 100 nM all trans retinoic acid (AT-RA) (Sigma) for 72 h to induce Necdin expression. T3 (1 µM) was added and the cells were incubated for another 1, 3, and 6 h. RNA was extracted using Trizol (Invitrogen). RNA extraction and cDNA synthesis were performed as described (Muller et al. 2002) . Quantitative real-time PCRs were performed in an ABI PRISM Model 7700 sequence detector (PE Applied Biosystems) using Platinum SYBR Green qPCR (Invitrogen) with forward primer at position +501 relative to the transcriptional start site 5 -GAG TTT GCC CTG GTC AAA GC and a reverse primer 5 -CAT GGG CAT ACG GTT GTT GAG. The 18S rRNA gene was used as a reference gene using forward primer 5 CCT GCG GCT TAA TTT GAC TCA and reverse primer 5 AGC TAT CAA TCT GTC AAT CCT GCT. Quantitation of Necdin mRNA expression was determined as described previously (Chakrabarti et al. 2002) .
Chromatin immunoprecipitation assays
Chromatin immunoprecipitation assays (ChIP) were preformed as described previously (Burakov et al. 2002) .
Murine P19 embryonic teratocarcinoma cells, which have been shown to express the Necdin gene after retinoic acid (RA)-induced differentiation, were used (Maruyama et al. 1991) . P19 cells were treated with 1 µM all-trans RA for 24 h. After 24 h, cells were treated with or without 1 µM T3 for 1 h. After T3 treatment, cells were fixed with 1% formaldehyde for 20 min at room temperature and quenched with 0·125 M glycine. The cells were washed twice in ice-cold phosphate-buffered saline and the pellets were resuspended in 100 µl RIPA lysis buffer (50 mM Tris, pH 8·0, 1 mM EDTA, 0·5 mM EGTA, 1% Triton X-100, 0·1% sodium deoxycholate, 140 mM NaCl and protease inhibitors) and incubated at 4 C for 10 min. Samples were sonicated to shear DNA to an average length of 600-800 bp (8 10 s) and the sample was centrifuged for 10 min at 14 000 g, 4 C. The cell lysates were precleared by incubation with protein G-sepharose beads and then incubated with antibodies against TR (MA1-215, ABR), RXR (PA1-815, ABR), NCoR (PA1-844, ABR), acetylated histone H3 (#06-599, Upstate, Dundee, UK), acetylated histone H4 (#06-866, Upstate) or an unspecific antibody. Protein-DNA complexes were collected with protein G-sepharose beads followed by several rounds of washing (Burakov et al. 2002) . Bound DNA-protein complexes were eluted in 100 µl elution buffer (10 nM Tris, 1 nM EDTA, 1% SDS) and incubated at 66 C overnight to reverse cross-linked DNA. DNA fragments were isolated and purified using QIAquick Spin Kit (Qiagen). A 294 bp fragment of the immunoprecipitated Necdin promoter was PCR amplified, starting at position -30 relative to the transcriptional start site. The forward primer was 5 -CTG CTG CGG AAG GCG CAG TGC TCA G and the reverse primer was 5 -GAG GCC TGT TGG GCT GCC ATA GGG. Amplified fragments were separated on a 2% agarose gel.
Results
The Necdin promoter is regulated by thyroid hormone receptors
We have previously described how transcription of the E2F-1-promoter is regulated by TRs (Nygård et al. 2003) . Transcription from the E2F-1 promoter is activated by TR in the absence of T3, and silenced in the presence of T3. We have further identified and functionally characterized an nTRE in the E2F-1 promoter that is sufficient for mediating the TRdependent transcriptional regulation. This so called Z-element is positioned at nucleotides -190 to -221 of the E2F-1 promoter and resembles, to some extent, the nTREs found in the TSH promoter.
To identify genes that are negatively regulated by T3, we performed database homology searches to screen for genes containing conserved Z-element sequences similar to the one present in the E2F-1 promoter (Nygård et al. 2003) . We found a number of genes containing potential nTRE sequences, one of them being the Necdin gene. In the Necdin gene, a Z-element, identical to that of the TSH gene, was identified at nucleotide position +94 to +103 (Fig. 1A) .
To investigate whether Necdin is a T3 responsive gene, the sequence from 87 to +110 of the Necdin promoter, containing the Z-element, was cloned into a luciferase reporter plasmid, at a position in front of the Simian virus 40 TATA-box. The Necdin promoter reporter construct was cotransfected with chicken TR 0 into JEG-3 cells. TR 0 efficiently activated the transcription from the Necdin promoter (17-fold) in the absence of 1 µM T3. Addition of T3 reversed the apoTR-mediated activation of the Necdin promoter (Fig. 1B) .
The sequence from +84 to +105 of the Necdin promoter, containing the Z-element, was cloned into a luciferase reporter plasmid in front of the Simian virus 40 TATA-box. The Z-Necdin reporter plasmid was cotransfected with TR 0 in the presence and absence of 1 µM T3. The Z-Necdin reporter construct was activated 12-fold by TR in the absence of hormone and the addition of T3 repressed this activation (Fig. 1B) . A reporter construct containing a pTRE was used as a control. The positive reporter construct was cotransfected with cTR 0 in the absence and presence of T3. In the presence of T3, TR activated the transcription from the pTRE (Fig. 1B) . Finally, we introduced three point mutations in the Necdin promoter in the Z-element, which substitutes nucleotides AGT at position +98 relative to the transcription start site with CTG (Necdin long mut). These three nucleotides are absolutely required for TR regulation of the Z-element of the E2F-1 promoter as defined previously (Nygård et al. 2003) . Regulation of transcription of this reporter by TR was now abolished (Fig. 1B) . Taken together, these results show that the Z-element present in the Necdin promoter is sufficient for activation by TR in the absence of T3 and for repression in the presence of T3.
Repression of Necdin transcription by T3 in P19 cells
We next wanted to analyse the regulation of Necdin in vivo. Necdin shows low or absent expression in most cell lines, but is expressed in the murine embryonic teratocarcinoma cell line P19 after differentiation by RA (Maruyama et al. 1991) . Thus, we treated P19 cells with 100 nM AT-RA for 72 h before adding 1 µM T3 to the cells. RNA expression of the Necdin gene was detected by reversed transcription coupled to quantitative real-time PCR. As shown in Fig. 2A , the levels of Necdin mRNA decreased after 1, 3 and 6 h of T3 treatment. The decrease in mRNA levels was accompanied by a decreased expression of Necdin protein levels as detected by Western blot, demonstrating that T3-dependent down-regulation of the Necdin transcription is concomitant with decreased levels of Necdin protein (Fig. 2B) . P19 cells express both TR and TR , as detected by Western blot using isoform-specific antibodies (Fig. 2C) . Thus, either one of the isoforms could mediate the T3-induced repression of Necdin expression in vivo.
The role of cofactors for transcription of the Necdin promoter
To analyse the requirement of different cofactors for TR regulation of promoters containing nTREs, we analysed a number of mutants in cTR . The mutants were The consensus sequence is based on the fact that a specific nucleotide is located at a specific position at least twice by comparison with the six nTREs. A potential TRE half site is underlined. (B) TR regulates transcription of the Necdin promoter. An expression plasmid of cTR 0 was cotransfected with the cloning vector (pGL2) alone, the Necdin promoter coupled to a luciferase reporter construct (Necdin), the Necdin-minimal reporter construct (Z), a longer Necdin promoter construct containing nucleotides -823 to +110 of the Necdin promoter (Nec. long), a Necdin reporter containing three point mutations in the Z-element (Nec. l. mut), or a reporter construct containing a positively regulated TRE (pTRE) into JEG-3 cells. Cells were grown in the absence or presence of 1 µM T3 as indicated. The y-axis shows the degree of activation as a multiple of the luciferase assay value of the reporter vector alone (pGL2, Necdin, Z, Necdin long, Necdin long mut or pTRE). Standard deviations are shown from three independent experiments, each with triplicate samples.
chosen based on their altered capability to bind to certain coactivators and corepressors, such as the p160 coactivators and NcoR/SMRT, and they have all been characterized and described previously. The mutants and wild type (wt) TR and TR were cotransfected into JEG-3 cells together with either the Necdin reporter or a pTRE reporter construct. Mutant L362 V does not bind to the p160 coactivator family (leucine at position 362 changed to valine; Collingwood et al. 1997) . This mutant receptor functioned as the wt TR on the Necdin promoter, both in ligand-independent activation and ligand-dependent repression (Fig. 3) . As expected, this mutant was deficient in ligand-dependent activation of transcription of a pTRE. Mutant P214R is defective in NCoR/SMRT binding (Nagaya et al. 1998 ). This mutant receptor only activated the Necdin promoter to a third of that of wt TR, indicating that binding of corepressors are required for full ligand-independent activation of the nTRE. However, on a pTRE, the corepressor binding mutant functioned as well as wt TR in terms of ligand-dependent activation. The RXR heterodimerization-deficient mutant (L336R) (Nagaya & Jameson 1993) had lost its capacity to regulate transcription of both positive and negative TREs both in the presence and absence of T3, showing the crucial role of RXR in TR-mediated transcriptional regulation. DNA binding was also absolutely required for regulation of both pTREs and nTREs, as the DNA binding mutant (E33 G/G34S) was unable to activate either pTREs or nTREs. This mutant is not transcriptionally deficient, but its sequence recognition ability has been converted to bind to and activate a hybrid response element composed of GRE and TRE (Shibusawa et al. 2003) . Thus, our results are in line with previously reported results that this mutant is defective in the regulation of TRH, TSH and TSH as well as pTRE (Shibusawa et al. 2003) . The mutant TRalpha AF2 has a very low ligand binding capacity and cannot interact with coactivators due to a nine amino acids deletion in helix 12 of the AF-2 domain (Barettino et al. 1994 ). This mutant, which is possibly constitutively associated with corepressors, was found to be a constitutive activator of the Necdin promoter, i.e. T3-induced repression was completely lost. As expected, it was unable to activate transcription of the pTRE.
To further analyse the requirement of different cofactors for regulation of nTREs, expression plasmids encoding different cofactors were transfected together with TR 0 and the Necdin promoter. To analyse the involvement of RXR, we used CV-1 cells, which express very low levels of RXR, in cotransfection experiments. Addition of RXR enhanced the activation of apoTR on the Necdin promoter in a dose-dependent manner, but had little affect on the T3-mediated repression (Fig. 4) . These results indicate that RXR is required for full activation of nTREs in the absence of T3, possibly by stabilizing interaction with other intermediary factors, but is of less importance for T3-dependent repression of transcription. As expected, coexpression of RXR did not affect the activity of the TR mutant that is defective in RXR binding. Interestingly, cotransfection with increasing amounts of the corepressor NCoR into JEG-3 cells led to a dose-dependent increase in the ligand-independent activation of Necdin. The ligand-induced repression was not affected by NCoR (Fig. 5A) . In contrast, coexpression of the coactivator, TIF2, had no effect on the activity of the Necdin reporter gene (Fig. 5B) .
Collectively, our results show that DNA binding heterodimerization with RXR is required for both activation and repression of Necdin expression and that a functional AF-2 is vital for T3-dependent repression of Necdin. Corepressor binding is required for activation of the Necdin promoter, whilst coactivator binding is not required for either activation or repression of Necdin. The corepressor NCoR coactivates the Necdin reporter in the absence of T3 whereas the coactivator TIF2 does not affect the T3-independent or the T3-dependent activity of Necdin. These results indicate that transcriptional activity of apoTR, as well as T3-dependent transcriptional repression on nTREs, utilizes a mechanism that is in contrast to ligand-induced activity on pTREs.
Deacetylase activity influences ligand-independent activation of the Necdin genes
When TR binds to a positive TRE in the absence of T3, it silences basal transcription by binding to corepressors. These corepressors form complexes with HDACs, which remodel the chromatin to a closed, transcriptionally inactive conformation. Also, HDACs have been shown to regulate the acetylation status of non-histone targets such as p53 and several nuclear receptors (reviewed by Glozak et al. 2005) . To test if HDACs are involved in the transcriptional regulation of genes containing negative TREs, we used trichostatin A (TSA), which is an inhibitor of deacetylase activity. JEG-3 cells were cotransfected with either the Necdin promoter reporter construct with cTR 0 or the pTRE reporter construct in the absence or presence of hormone and TSA. The ligand-independent transcriptional activation of the Necdin reporter constructs was abolished when TSA was added (Fig. 6) . In contrast, T3-induced repression of the reporter was not at all affected by TSA. When a positive TRE luciferase reporter construct was cotransfected with cTR o in the presence and absence of T3 and TSA, TSA amplified the T3-mediated activation of Thyroid hormone regulates Necdin expression · M NYGÅRD and others 523 the reporter (Fig. 6) . These results imply that deacetylation does not affect T3-dependent silencing of transcription of the Necdin promoter, but instead is involved in the ligand-independent activation, thus reinforcing the differences in the mechanisms behind TR-dependent transcriptional regulation of nTREs versus pTREs.
TR binds to the nTRE of the Necdin gene
To study if TR binds directly to the nTRE of the Necdin gene, electrophoretic mobility shift experiments were performed. Labelled Necdin nTRE oligo or a pTRE (DR4) oligo were incubated with HeLa cell extracts containing Vaccinia virus-produced TR 0 or RXR. The DNA/protein complexes were separated on a polyacrylamide gel. The results showed that TR 0 in complex with RXR efficiently bound to the Necdin nTRE (Fig.  7A) . This complex was formed in the absence of T3, and addition of T3 reduced the amount of the complex. Anti-TR antibodies shifted the complex showing that TR was indeed present in the complex, whereas an unspecific antibody (in this case anti-oestrogen receptor) had no effect. Neither TR alone, nor RXR alone could bind nTRE efficiently. The pTRE was used as a control for migration of DNA-bound TR monomers and TR/RXR or TR/TR dimers as described previously (Nygård et al. 2003) .
To further study the binding of TR to the promoter region of Necdin, ChIP experiments were performed. Briefly, murine P19 embryonic teratocarcinoma cells were treated with 100 nM AT-RA for 72 h to induce Necdin expression. The cells were then grown with or without 1 µM T3 for 1 or 6 h, and fixed with 1% formaldehyde for 20 min at room temperature. The cell extracts were incubated with antibodies against TR , RXR , NCoR, acetylated histones H3 and H4 or an unspecific antibody. Semiquantitative PCR of the Necdin promoter followed immunoprecipitation. The results showed that TR and RXR were associated with the Necdin promoter in the absence of T3 (Fig. 7B) . However, T3 treatment for 1 or 6 h resulted in a release of binding of TR and RXR to the promoter. Surprisingly, NCoR was found to be associated with the Necdin promoter in the presence of T3 and to some extent in the absence of T3 at both time points. Neither did we detect any significant differences in the association of acetylated histones H3 and H4 to the Necdin promoter between T3-treated and -untreated cells (Fig. 7B) .
Taken together, these in vivo and in vitro experiments show that TR and RXR bind as a heterodimer to the nTRE of the Necdin gene. Both in vitro and in vivo, the complex is primarily seen on the Necdin promoter in the absence of ligand. This observation is to some extent supported by our results from co-transfection of RXR shown in Fig. 4 , where co-expression of RXR has no effect on the T3-induced repression of Necdin. It is not possible at this stage to determine if the association of NCoR to the Necdin promoter both in the presence and absence of T3 occurs through an interaction with both apo-and holoTR or if it is mediated through other transcription factors.
Discussion
Expression of the Necdin gene is regulated by the neuronal stem cell leukemia (NSCL) basic helix-loophelix factors NSCL-1 and NSCL-2, together with the Lim-domain-only cofactors in discrete regions of the hypothalamus (Kruger et al. 2004) . The NSCL-dependent control of Necdin is suggested to be instructive for differentiation and migration of gonadotrophin-releasing hormone neurons. Supporting the regulation of Necdin by NSCL-factors, the major symptoms of Prader-Willi syndrome such as obesity and hypogonadism resemble the phenotype of NSCL-2 knockout mice (Good et al. 1997) . However, additional signalling pathways that regulate Necdin expression must exist, since the expression of Necdin outside the hypothalamus is not affected in NSCL-1 and -2 knockout mice (Kruger et al. 2004) . This report identifies TR as a candidate regulator of Necdin transcription. In mice, Necdin expression is high in the brain just after birth and is down-regulated during the first 15 days postnatal period (results not shown). This period correlates with increasing circulating T3 levels, with T3 affecting numerous functions in the brain in these first two weeks of life (Hadj-Sahraoui et al. 2000) . However, a direct in vivo regulation of Necdin by T3 during this period remains to be investigated.
We have previously reported that the expression of E2F-1 and other S-phase progression factors such as thymidine kinase, DNA polymerase alpha and dihydropholate reductase are activated by apoTR and repressed in the presence of T3 (Nygård et al. 2003) . These findings suggest that TR regulates the cell cycle by controlling the expression of cell cycle genes, a notion supported by the observation that mice with a TR mutation, deficient in ligand binding, induces formation of tumours in the pituitary as a consequence of an activated cyclinD1/cdk/rb/E2F pathway (Furumoto et al. 2005) . In contrast to the proliferation-inducing effect of E2F-1, Necdin is highly expressed in postmitotic differentiating neurons and it has been suggested that it represses proliferation (Kuwako et al. 2004) . The mechanism for suppression of proliferation by Necdin is similar to that of the retinoblastoma protein acting on E2F-1, namely that Necdin binds to E2F-1 in post-mitotic neurons and thereby blocks its activity (Taniura et al. 1998) . As shown by us, T3 down-regulates both the expression of E2F-1 and of Necdin, and could thereby mediate opposite effects on proliferation through these proteins.
There is as yet no clear consensus sequence for the nomenclature of nTREs. nTREs resembling pTREs have been reported, as well as several TR half sites and sequences completely unrelated to pTREs. There is also a difference in the reporting concerning monomer, homo-and heterodimer binding of TR to nTREs (Satoh et al. 1996 , Taylor et al. 1996 , Nygård et al. 2003 , Shibusawa et al. 2003 . We conclude here that the nTRE of the Necdin promoter is very homologous to the nTRE of the TSH genes (Fig. 1A) . The identical 10 nucleotide sequence (known as the Z-element) shared between Necdin and TSH genes contains a potential TR half-site, AAGTAA, which is similar to the TR binding site referred to as site 'A' (AGGTAA) of the rat growth hormone promoter (Brent et al. 1989) . Mutation of the G to T in this site totally abolishes TR regulation in the case of the Z-element of the human E2F-1 promoter (Nygård et al. 2003) . Similarly, mutation of this G in the rat TSH promoter also abolishes ligandmediated repression (Carr & Wong 1994) . On the Necdin promoter, TR binds strongly to the nTRE as a heterodimer with RXR. This is in agreement with the requirement for RXR in transcriptional activation of Necdin (Figs 3 and 4) . Our results indicate that the nTRE of the Necdin gene resembles the nTREs of the TSH genes both in terms of sequence and in the mode of activation through dimer binding, and requirements for RXR and NCoR for apoTR activation.
The mechanism for negative regulation by TR suggested by the experiments of this report partly resembles how the nTRE in the GH promoter is regulated . By ChIP analysis the authors show that TR binds to the nTRE only in the absence of T3. Similarly, the ChIP analysis of the Necdin promoter in P19 cells suggested that TR and RXR are associated with the Necdin promoter mainly in the absence of T3 (Fig. 7B) . Addition of T3 induced displacement of the TR/RXR complex, which according to Figs 1B and 3 would be associated with repression of transcription. NCoR, on the other hand, remains on the promoter both in the presence and to some extent in the absence of T3 (Fig.7B) . Also, we show that both NcoR association to TR and deacetylase activity is required for efficient ligand-independent activation of Necdin (Figs 3, 5A and 6) . We cannot at this point determine whether the deacetylase activity is required for histone deacetylation or deacetylation of a nonhistone protein. However, in ChIP experiments we did not detect any significant changes in association of acetylated histones H3 and H4 with the Necdin promoter in the absence or presence of T3. The result that deacetylase activity is required for ligandindependent activation of Necdin expression contrasts with the findings by Tagami et al. (1999) and Sasaki et al. (1999) who describe that it is only ligand-dependent repression of the TSH and promoters that requires HDAC activity. The discrepancies between these results will be investigated further. Other mechanisms besides histone acetylation, such as histone methylation and phosphorylation, are known to be important for TR to regulate transcription (reviewed by Li et al. 2002) .
One of the enigmas in the field of thyroid hormone research has been that mice lacking both of the known TR receptors (TR and TR ) display a milder phenotype than hypothyroid mice. Detailed analysis of double gene knockout mice has shown that the double knockouts have an extremely hyperactive pituitarythyroid axis, poor female fertility and retarded growth and bone maturation (reviewed by Forrest & Vennstrom 2000 . The TR knockout mice also show defects in cochlear and retinal development (reviewed by Forrest et al. 2002) . Despite these defects, the brains of the TR knockout animals are surprisingly normal and the phenotype does not correspond to the gross hypothyroid-like phenotypes caused by T3 deficiency. The distinctions between T3 deficiency and receptor deficiency suggest that T3-independent actions of T3 receptors may be a significant function in vivo and that apoTR may induce some of the profound and potentially irreversible defects of brain maturation that result from hypothyroidism. One possible explanation is that in the absence of ligand, abnormal regulation of transcription by the apoTR is responsible for the effects of profound hypothyroidism. . Extracts were incubated with labelled probes spanning the Z or DR4 elements and with an antibody against TR ( -TR ), non-specific IgG ( -ER) or with 1 µM T3 as indicated. Bound complexes were analysed on a 6% non-denaturating polyacrylamide gel. The DR4 element served as a marker for migration of monomers and heterodimers (TR/RXR) (Nygård et al. 2003) . These bands are indicated, as well as supershifted complexes (*), and a non-specific band seen with the Necdin probe (n.s.). (B) Association of TR, RXR and NCoR with the Necdin promoter in vivo. Schematic representation of the 58 region of the mouse Necdin gene. The nTRE and the translation (ATG) initiation sites are shown. Amplimers are highlighted by the arrows. ChIP assays were performed using extracts from retinoic acid-differentiated P19 cells treated with or without 1 µM T3 for 1 or 6 h. After sonication, samples were precipitated using antibodies against TR , RXR , NCoR or acetylated histones H3 or H4 (Ac-H3, Ac-H4). DNA fragments were isolated and purified, and the levels of immunoprecipitated Necdin fragments were analysed by semi-quantitative PCR followed by agarose gel separation. Goat anti-rabbit IgG was used as a negative control. This is supported by the result that congenitally hypothyroid, Pax 8-deficient mice that die during the first weeks of life, can be rescued by TR 1 gene deletion (Flamant et al. 2002) . Another line of evidence for the adverse effects of apoTR is that mice expressing a mutated dominant negative TR, with a reduced ligand binding capacity, have a phenotype resembling that of hypothyroid mice (Hashimoto et al. 2001 , Tinnikov et al. 2002 . The negative effects of apoTR on development have been ascribed to constant repression of T3 target genes, at least in the amphibian system (Buchholz et al. 2003) . However, considering the fact that in mammals T3 regulates as many genes negatively as positively (Feng et al. 2000) , the developmental disturbances of apoTR could be caused by the inability to turn off the expression of negative thyroid hormone target genes.
The Necdin gene appears to be one such gene, requiring down-regulation for normal development and being a potential mediator of the adverse effects of thyroid hormone deficiency. Such possibilities will be the focus of further investigations.
